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A combined ﬁnite element (FE) simulation and discrete dislocation dynamics (DD) approach has been developed in this
paper to investigate the dynamic deformation of single-crystal copper at mesoscale. The DD code yields the plastic strain
based on the slip of dislocations and serves as a substitute for the 3D constitutive form used in the usual FE computation,
which is implemented into ABAQUS/Standard with a user-deﬁned material subroutine. On the other hand, the FE code
computes the displacement and stress ﬁeld during the dynamic deformation. The loading rate eﬀects on the yield stress and
the deformation patterning of single-crystal copper are investigated. With the increasing of strain rate, the yield stress of
single-crystal copper increases rapidly. A critical strain rate exists in each single-crystal copper block for the given size and
dislocation sources, below which the yield stress is relatively insensitive to the strain rate. The dislocation patterning
changes from non-uniform to uniform under high-strain-rate. The shear stresses in the bands are higher than that in
the neighboring regions, which are formed shear bands in the crystal. The band width increases with the strain rate, which
often take places where the damage occurs.
 2007 Elsevier Ltd. All rights reserved.
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The response of materials to high-strain rates is of interest in many applications, including explosive weld-
ing, armour penetration, meteor impact, high-speed automobile and aircraft collisions, especially as the micro-
electromechanical and nano-electromechanical system devices are playing an increasingly important role in
modern engineering applications, such as blast-resistant design and space exploration, which involve material
response on diﬀerent spatial and temporal scales with various temperatures.
The response of crystal metals to high-strain-rate deformation is a complicated phenomenon, involving
many physical mechanisms, such as dislocation dynamics, twinning, displacive phase transformations,
grain-size, stacking fault, and solution hardening eﬀects. Several experimental techniques have been used to0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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loading. Recently, high intensity laser facilities coupled with X-ray diﬀraction techniques have been used to
study the dynamic deformation process in crystalline materials (Meyers et al., 2003).
Along with the experimental techniques discussed above, computer simulation methodologies have also
been used to study various dynamic deformation behaviors of material. In ﬁnite element (FE) simulation, con-
stitutive laws are critical in the investigation of dynamic mechanical behavior of crystalline materials in appli-
cation spanning from micro-scale to macro-scale, especially when materials are sensitive to strain rate. Several
constitutive equations for slip have emerged, the most notable being the Zerilli and Armstrong and MTS
(1987, 1990). They are based on Becker’s (1925) and Seeger’s (1954) concepts of dislocations overcoming
obstacles through thermal activation. These constitutive models have successfully predicted that the instability
strain decreases, and the yield stress increases for tantalum with increasing strain rate (Meyers et al., 2002).
However, it is often impossible to get a fully physically-based constitutive model in most cases. Many funda-
mental issues under high-strain-rate loading, such as shear band formation and its interactions with the neigh-
boring material, remain unclear and are worth investigation (Zhou et al., 2006).
The molecular dynamics (MD) simulations have also been performed recently to explore the mechanical
properties of nano-scale materials. With the use of atomistic methods, the dislocation behavior in the plastic
ﬂow has been studied numerically by Daw and Baskes (1984), Taylor and Dodson (1990), Holian and Lom-
dahl (1998), Hoagland and Baskes (1998), among others. Horstemeyer et al. (2001) examined not only the spa-
tial size but also strain rate eﬀects on the mechanical response of single-crystal nickel by performing simple
shear MD simulations using the embedded atom method (EAM). Liang and Zhou (2004) also carried out
MD simulations to study the size and strain rate eﬀects on the tensile deformation of single-crystal copper
wires. Guo et al. (2007) formulated a hyper-surface to describe the combined size and strain rate eﬀects on
the plastic yield stress of fcc metals. However, it is impossible to handle not only the loading rate but also
the specimen size used in the current MD simulation with existing experimental techniques. Usually, a spec-
imen of ﬁnite size is employed in the bar or plate impact experiments to investigate the rate-dependent
mechanical properties under a loading rate which is much lower than that used in the MD simulation so far.
As can be seen from the opening literature, much research works have been conducted to investigate the
rate-dependence of material properties at atomic-scale and macro-scale, respectively. However, little has been
done in understanding loading rate eﬀects on the mesoscale, since many important failure forms, such as shear
instability, fracture, take place on the mesoscale (Needleman, 1999).
Over the last decade, 3D dislocation dynamics (DD) has emerged as an excellent numerical tool for crystal
plasticity simulation on the mesoscale (Devincre and Kubin, 1997; Fivel, 1998), by which the simulated size
can be of tens of several microns, exceeding by an order of magnitude the capabilities of MD simulations.
Moreover, DD simulation can be used directly as material constitutive functions for continuum simulations
(Lemarchand and Devincre, 2001), so it has the potential to bridge atomistic simulation and macroscopic sim-
ulation (Tadmor et al., 2000).
In this study, a combined FEM/discrete dislocation dynamics (DD) approach is ﬁrstly developed, and this
model in 3D is implemented in a user-deﬁned subroutine ABAQUS/Standard code in Section 2. The compu-
tational model is described in Section 3. In Section 4, the loading rate eﬀects on the yield stress and the defor-
mation patterning of single-crystal copper are investigated. Conclusions are given in the last section.
2. Coupling dislocation dynamics plasticity with FEM
The multi-scale model combines discrete dislocation dynamics and continuum ﬁnite element. In our
method, a discrete dislocation dynamics code is substituted for the constitutive form traditionally used in ﬁnite
element calculation. A 3D DD code solves the dynamic and local reactions of discrete dislocation lines and
computes the plastic strain generated by dislocation glide. On the other hand, a FE code computes the stress
and displacement ﬁeld, providing a solution to the boundary value problem by making use of the plastic strain
ﬁeld developed by the DD simulation.
In the present work, we present a computational model coupling 3D discrete dislocation dynamics code
(microMegas) with FEM software ABAQUS. More details of microMegas can be found in a series of papers
by Devincre and Kubin (1997, 2001, 2006). To combine with FEM code and deal with the high velocity of
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descriptions.
2.1. Resolution of the dislocation dynamics
Dislocation dynamics (DD) is a mesoscale approach that simulates the dynamic behavior of a large number
of curved dislocations on a ﬁnite length. Simulations based on discrete dislocations are mechanism-based,
allowing the eﬀects of dislocation motion and dislocation interactions to be analyzed.
In 3D DD, dislocations are discretized into segments of mixed character. The self-stress ﬁeld of a
straight dislocation segment in an inﬁnite solid serves as the basis of DD code. Since the stress ﬁeld of
the dislocation varies with the inverse of distance from the dislocation core, dislocations interact among
themselves over long distances. As the dislocation moves, it has to overcome internal drag, and local bar-
riers such as Peierls stress. The dislocation may encounter local obstacles such as defect clusters and
vacancies, which interact with the dislocation at short ranges and aﬀect its local dynamics. The Peach-
Koehler force acting on each dislocation is calculated at the center of each dislocation segment, and
the eﬀective force on segment i is given by:f i ¼ ðr  biÞ  ni þ fself ð1Þwhere bi is Burgers vector of segment i,and ni is the line sense unit vector describing its direction, fself is the self
force caused by the nearest neighbor segments, ri is the total stress tensor estimated at the center of segment i
and it can be decomposed into:ri ¼ rapplied þ rinteraction þ rother ð2Þ
where rapplied is the externally applied stress, which is computed by FEM in our multi-scale model, rinteraction is
the contribution of the stress ﬁeld of the other dislocation segments, rother arises from the interaction of dis-
locations with other defects or free surfaces, which can also be computed by FEM.
The velocity, v, of a dislocation segment is governed by a ﬁrst order diﬀerential equation consisting of an
inertia term, a drag term and a driving force such as:mðvÞ _vþ Bv ¼ F ¼ sb ð3Þ
where l* is the eﬀective mass in dislocation segment. B is viscous drag coeﬃcient, b is the magnitude of Burgers
vector, s is the resolved eﬀective stress. Because the initial acceleration of dislocation is very high, the dislo-
cations can reach a stable velocity in a very short time, and the corresponding moving distance is so small,
less than 1 nm, that it can be neglected. Thus we assume that dislocation immediately reaches a stable velocity
(Gillis and Kratochvil, 1970; Meyers, 1994) such as:Bv ¼ sb ð4Þ
Gillis et al. (1969) suggested that Eq. (4) might be extended to higher velocities by replacing B with:B ¼ B0
1 v2=v2s
ð5Þwhere B0 is static viscous drag coeﬃcient, vs is the speed of shear wave. Substituting Eq. (5) into Eq. (4), we
can get the stable velocity.v ¼ vs
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
vsB0
sb
 2
þ 4
s
 vsB0
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 0@
1
A ð6Þwith vs ¼ 2:92 103, b ¼ 2:55 1010, B0 ¼ 5 105, the velocity of dislocation versus resolved shear stress is
plotted in Fig. 1. As the resolved shear stress increases, the velocity approaches the speed of shear wave.
Then the evolving dislocation structure can be simulated, such as bowing out, expansion/shrinkage of loops
and pile-up.
Fig. 1. Variation of the dislocation velocity (normalized by the speed of shear wave) with resolved shear stress.
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The kinematics and constitutive relationships of mesoplasticity that follows those of Peirce et al. (1982) are
used in this paper. The velocity gradient can be expressed as:L ¼ DþX ð7Þ
where D is the symmetric part of the rate of deformation andX is the skew symmetric spin tensor. D andX are
additively decomposed into elastic parts ðDe and XeÞ and plastic parts ðDp and XpÞ, respectively, as follows:D ¼ De þDp ð8Þ
X ¼ Xe þXp ð9ÞAssuming that the crystal elasticity is unaﬀected by slip, the elastic constitutive equation is given by:re
r
¼ Ce : De ð10ÞWhere Ce is the tensor of elastic moduli, re
r
is the Jaumann rate of Cauchy stress r, which is the co-rotational
stress rate in terms of the coordinate system that rotates with the lattice. re
r
is determined byre
r
¼ rrþXp  r r Xp ð11ÞWhere r
r
is the co-rotational stress rate on the coordinate system that rotates with the material. In small strainXp ¼ 0; rr ¼ re
r
¼ Ce : De ð12Þ2.3. Coupling framework
Van der Giessent and Needleman (1995) combined 2D dislocation dynamics with ﬁnite element to solve the
boundary value problem of ﬁnite crystal, making use of the superposition principle. The solution of the
boundary value problem is obtained as the sum of two contributions. The ﬁrst represents the solution for dis-
locations in an unbounded continuum and the other is the complementary elastic solution needed to satisfy
equilibrium at external and internal boundary. The last contribution is computed by a FE code.
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FE framework, and has the following general form:Maþ f int ¼ fext ð13Þ
wherefext ¼ fa þ f im þ fdis ð14Þ
where, f int ¼ Rv BTrdv is internal force vector, r is the total stress tensor, and can be computed by Eq. (11),
fa ¼ RS NTta ds is applied force vector, ta is traction applied on the stress boundary, f im ¼ RS NTtim ds is the im-
age force vector, tim is traction arising from the interaction of dislocations with free surface, the image ﬁeld can
be solved by Boussinesq-Cerruti formalism accurately or Lothe-force approximation (Liu and Schwarz, 2005),
fdis ¼ RV BTrdis dV is a ‘‘body force’’ (Zbib and Diaz de la Rubia, 2002) in the crystal, rdis is the stress tensor of
the dislocations in an inﬁnite crystal. N is shape function vector, and B = grad[N].
The key of this method is connecting the observed macroscopic parameters (used in continuum models),
such as stress and strain at material points, to the elementary shears produced by a constitutive relationship
with dislocations. A direct linkage to continuum codes will be too ineﬃcient to make computation practical.
As FE calculations typically involve large number of material points, each with its own stress–strain trajec-
tory, running a statistically representative DD simulation for each material point simultaneously will remain
prohibitively expensive for years to come (Bulatov, 2002). So within the continuum framework, we choose a
representative volume element (RVE), in which the deformation ﬁeld is assumed to be homogeneous (Zbib
and Diaz de la Rubia, 2002). The dislocation dynamics model is presumably capable of describing the heter-
ogeneous nature of the deformation ﬁeld. With a proper homogenization theory, or ﬁeld averaging, one can
couple the discrete dislocation dynamics model with continuum mechanics.
The macroscopic plastic strain Dp and plastic spin Xp are evaluated at the Gauss points, and can be related
to the motion of each dislocation segment:Dp ¼ Dc
2
ðni  bi þ bi  niÞ; Xp ¼ Dc
2
ðni  bi  bi  niÞ;
Dc ¼ qbv ¼
XN
i¼1
libvgi
V
ð15Þwhere V is the volume of representative volume element (RVE) that includes the integration point, N is the
number of segments that slip through the element in Dt (the time step in FE simulation), li is the length of
segments i, vgi is the dislocation glide velocity, ni is the unit normal to the slip plane, bi is the burgers vector.
Eqs. (11), (15) and (14) can be implemented in ABAQUS/Standard by a user-deﬁned material subroutine
UMAT and a user-deﬁned load DLOAD, respectively.
The Eq. (13) can be solved with Newmark b integration method in ABAQUS, and then the stress and dis-
placement ﬁelds are obtained in the ﬁnite single-crystal. Once the stress ﬁeld in the crystal is known, the Peach-
Koehler force can be estimated on all the dislocation segments. Anew plastic step is performed by the DD code
repeatedly.3. Model description
We consider an isotropic copper single-crystal with the following properties (relevant to both the contin-
uum model and DD model), shear modulus l = 42 GPa, Poisson’s ratio v = 0.347, density q = 8900 kg/m3,
magnitude of Burgers vector b = 2.5525 A˚, and static viscous drag coeﬃcient B0 ¼ 5:5  105 Pa s1. Tem-
perature is 300 K.
As illustrated in Fig. 2, the simulation setup consists of a block with dimensions 5 · 5 · 10 lm, which is
divided into a ﬁnite element mesh using eight-node brick elements. The bottom surface of the sample is ﬁxed,
and the upper surface is moved at controlled rate so that the strain rate, ranging from 102 to 105 s1, is made
constant (the displacement of the upper surface increases in time). All other surfaces are assumed to be free,
Fig. 2. (a) The initial dislocation line distribution in the single-crystal copper; (b) dimension of simulation cell and the FE mesh.
Z.L. Liu et al. / International Journal of Solids and Structures 45 (2008) 3674–3687 3679where, the tractions, resulting from the interaction of dislocations with free surfaces, are computed at four
integration points.
Fig. 2(a) shows the initial state of dislocations in the simulation block. The mobile dislocation density is
zero. Sixteen dislocation lines pinned at two ends are distributed randomly in the crystal, and the length of
each dislocation line is 1 lm. They are located in the four diﬀerent slip systems,ð111Þ½101, ð111Þ½101,
ð111Þ½110, ð111Þ½011, and Schmid factors are 0.408, 0.408, 0.408, 0, respectively. Each slip system possesses
four dislocation sources, and the dislocation density is about 6.4 · l010 m2.
Various ﬁnite element meshes were examined ranging from very coarse 5 · 5 · 10 to very ﬁne 20 · 20 · 40.
Here the results with 10 · 10 · 20 are presented, which is ﬁne enough to reﬂect the deformation patterning of
dislocation structure. The time step of DD computation is chosen from 109 to 1011 with the increasing of
strain rate, and is one order lower than that of FE simulation.
4. Simulation results and discussions
The plastic ﬂow of the metal single-crystal is determined by many factors, including crystal orientation,
temperature, applied strain rate, specimen size, deformation path, and the microstructure of material. The
focus of the present work is on the microstructure and strain rate eﬀects.
4.1. Strain rate eﬀect on yield stress
The stress–strain curves are computed by elements average values. Four diﬀerent strain rates are plotted in
Fig. 3, from which we can see, the curves can be distinctly divided into three segments, including an elastic
part, a strain hardening part, and a strain softening part. The initial transient peak in Fig. 3 is caused by
an artifact related by the initial conﬁguration: initially the mobile dislocation density which is too small to
achieve the imposed strain rate as the pinned segments sources cannot be activated. In cases where the initial
conﬁguration has a higher density of dislocation which can accommodate more rapidly the strain rate, the
transient peak is absent. The slight oscillations and a stress drop-oﬀ in Fig. 3 are a result of the heterogeneous
nature of the activation and progression of dislocations.
Fig. 3. Stress–strain curves of single-crystal copper block of 5 · 5 · 10 (lm3) at diﬀerent strain rates.
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yield point. From Fig. 3, it is clear that the yield stress increases with the increasing strain rate. This phenom-
enon was discovered by Edington (1969) in the uniaxial compression tests of copper specimen the size of sev-
eral millimeters, and by Horstemeyer et al. (2001) in the simple shear atomistic simulations of single-crystal
nickel, and by Guo and Zhuang (2007) in the simple shear MD simulations of single-crystal copper, as shown
in Fig. 4.
To understand the rate eﬀect of single-crystal copper on the mesoscale, a quantitative analysis is carried out
based on our multi-scale simulation results. The ﬂow stress s of crystal material is composed of two
components:Fig. 4s ¼ sl þ s ð16Þ. Shear stress–strain curves of single-crystal copper block of 32.35 · l0.98 · 2.40 (nm3) at diﬀerent strain rates (Guo et al., 2007).
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through localized obstacles like Peierls barriers (Hirth and Lothe, 1982), sl is the athermal stress on the dis-
location, which stems from the long range elastic interaction with all the other dislocations and the short range
dislocation–dislocation interaction.
At normal temperature and strain rate, for FCC single-crystal, the thermally activated resistance is very
small, which are mainly Peierls barriers, just about 0.5 MPa for single-crystal copper. It can be easily over-
come, so the contribution of s* to ﬂow stress can be neglected. In this case, the ﬂow stress s is mainly deter-
mined by the athermal sl. In other words, the short-range reactions between dislocations are responsible for
most of the ﬂow stress. In our simulation, it is mainly decided by the critical stress, sFR, for the operation of a
Frank-Read source, and the non-local contribution typically is of the order of 0.1–0.15 sFR for segment length
in the micrometer range (Devincre and Condat, 1992), the inﬂuence of surface correction is neglected. The
critical resolved stress for pinned dislocation line can be expressed as:Fig. 5
dislocasFR ¼ 2a Cbl  2a
lb
l
; sl  s ¼ 1:15sFR ð17Þwhere C  lb2 is the line tension of the dislocation, l is the shear modulus, b is the magnitude of the Burgers
vector, a is a parameter that quantiﬁes the strength of the obstacle, for FR source, a  1, l = 1 lm, is the
length of dislocation line. We get,sl ¼ 5:88  104l ¼ 24:73 MPa ð18Þ
As can be seen from Eq. (17), when the average length of the dislocation line, l, is governed by one specimen
dimension, a size eﬀect arises.
Once the critical resolved stress is obtained, the initially pinned dislocation lines are activated and begin to
bow out (Fig. 5). The yielding begins when there is a balance between the dislocation-induced plastic strain
increment and the boundary-imposed strain rate, so when the yield stress is achieved, more and more
Frank-Read sources become operative to accommodate the high-strain-rate deformation with increasing
strain rate, as shown in Fig. 6.
Assuming the ﬂow stress s is the maximum shear stress, we can estimate the static yield stress
rs = 2s = 49.46 Mpa = 0.001176l for our present simulation, which accords well with the value obtained
under the strain rate 100 s1, as shown in Fig. 3.. Stress–strain curve under strain rate 105 s1, and the corresponding dislocation states illustrating activation and motion of
tion lines at diﬀerent strain.
Fig. 6. The dislocation microstructure at the yield point under strain rate (a) 103 s1, (b) 104 s1, (c) 105 s1. More and more Frank-Read
sources are operating to accommodate the high-strain-rate deformation with increasing strain rate when yielding occurs.
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location ﬂux:_c ¼ qbv ð19Þ
where, v is the average velocity of dislocations. Increasing the strain rate is equivalent to increasing the average
velocity according to Eq. (19). We have the expression of eﬀective stress s* and the velocity for viscous type
used in pure FCC metals:s ¼ Bv
b
¼ B _c
b2q
; B ¼ B0
1 v2=v2s
ð20ÞThe coeﬃcient B accounts for electron and phonon drag, it also impedes the motion of dislocations with the
increasing strain rate. Assuming that the dislocation density q is not signiﬁcantly modiﬁed, a high-stress level
is necessary to achieve the imposed velocity, and it will become larger than what is needed for crossing forest
obstacles sl, with the increasing strain rate. In other words, increasing the strain rate is equivalent to increas-
ing the thermally activated glide resistance of dislocations. The same eﬀect can be obtained by decreasing the
temperature. They all make the movement of dislocation more diﬃcult.
So according to Eq. (20), when _c is larger than some critical value, _cc, s* will dominate the value of ﬂow
stress, then the yield stress will be strongly strain rate sensitive. According to s* > sl, _cc is controlled by the
value of alb
3
B
q
l
 
, which is decided by the dislocation density, the size of the dislocation source (the distance
between the two pinned ends of the source), the size of the specimen, or simply the average size of the dislo-
cation mean free path, and the strength of the obstacles. In our simulation, the crystal strain rate is 102–
103 s1. The yield stress normalized by the shear modulus (NRYS) is plotted as a function of strain rate in
Fig. 7, which yields the following linear relation with a correlation coeﬃcient r2 = 0.99:rs
l
¼ 0:00162  log _e 0:00186 ð21ÞAbove the critical strain rate, the yield stress normalized by the shear modulus has a linear relationship with
log _e, and a similar conclusion was drawn through experiments in tantalum (Chen et al., 1999) and copper
(Follansbee and Gray, 1991).
Yield stress is also very sensitive to the applied loading rate under the high-strain-rate at the atomic-scale
(Guo and Zhuang, 2007), where the eﬀects of dislocation inertia and phonon drag are important. A higher
strain rate requires higher acceleration and velocity of the dislocations nucleated in the specimen to accommo-
date the quick deformation. Therefore, a higher yield stress is required to overcome the inertial force and
Fig. 7. Normalized resolved yield stress versus four diﬀerent strain rates. The linear regression line has a correlation coeﬃcient r2=0.99.
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the initial dislocation density, the average size of the dislocation mean free path, and the strength of the bar-
riers of dislocation are also aﬀecting the yield stress considerably under the high-strain-rate besides the spec-
imen size.4.2. Strain rate eﬀect on the deformation patterning
The dislocation patterning is also determined by the ratio of sl/s*: when sl dominates the ﬂow stress, the
dislocation–dislocation interaction is strong, and the multi-body interaction eﬀect is evident. One can observe
dislocation patterning in crystal; with s* playing a dominant role, dislocation–dislocation interaction is com-
paratively weak, each dislocation moves as if it is alone in the crystal, the dislocation microstructure exhibits
no patterning, as can be seen in Fig. 8(a)–(c), respectively. Dislocation microstructures change from non-uni-
form to uniform.
In single-crystal copper, there are 12 diﬀerent slip systems, which can contribute to the deformation process.
The slip systems are listed in Table 1 as combinations of the slip planes and slip direction. The contribution of
each slip system to the plastic deformation at diﬀerent strain rates is investigated by plotting the dislocation
density distribution of each slip system, as shown in Fig. 9. The dislocation tends to become localized in one
slip system, ð111Þ½101, and in the areas of the simulated crystal where dislocation multiplication is the most
active (Fig. 8), the number of initial dislocation sources in each slip system is the same. This may be attributed
to the interaction process between the dislocations in the diﬀerent systems.
Under high-strain-rate, the presence of active dislocation sources in rapidly deforming crystalline material
can serve as the focus of localized plastic ﬂow and associated energy concentrations that in turn determine the
mechanical response of material. Most of these localized regions manifest themselves often in the form of
shear band (Wright, 2002). In our simulation, deformation band can be observed clearly, as shown in
Fig. 8(a)–(c). From the simulation results, it can be observed that the deformation is mostly localized in
the bands along the most active slip plane ð111Þ, and with the strain rate increasing, the width of the band
is also increasing from 2 lm to several tens of micrometer, which is restricted by the size of simulated crystal.
In the experiments of bulk crystal material, the width of shear band is often hundreds of micrometers. In our
simulation, it can be seen that very few dislocation sources are responsible for creating the dislocations that
form the shear band. Under extremely high-strain-rate, such as shock loading (up to 1010 s1), as the classical
Fig. 8. Distribution of strain e33 in the crystal and corresponding dislocation microstructure after yield under strain rate (a) 10
3 s1, (b)
104 s1, (c) 105 s1. The deformation is mostly localized in the bands along the most active slip plane ð111Þ, and with the strain rate
increasing, the width of the band is also increasing.
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Table 1
Slip systems in single-crystal copper
Slip system Burgers vector Slip plane
1 ½101 ð111Þ
2 ½101 ð111Þ
3 ½011 ð111Þ
4 ½011 ð111Þ
5 ½110 ð111Þ
6 ½110 ð111Þ
7 ½110 ð111Þ
8 ½110 ð111Þ
9 ½011 ð111Þ
10 ½011 ð111Þ
11 ½101 ð111Þ
12 ½101 ð111Þ
Fig. 9. The dislocation density evolution in diﬀerent slip systems under strain rate (a) 104 s1 (b) 105 s1.
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would suﬃce for an appreciable plastic strain rate during a small time interval any more, and the new physical
mechanisms of dislocation multiplication or generation are still lacking (Bringa et al., 2006; Shehadeh et al.,
2006).
The stress distributions in the single-crystal copper under diﬀerent strain rates are also investigated. Trasca
stress distributions are plotted in Fig. 10, which is relatively higher in the band comparing with those in the
neighboring regions, and that will induce the materials in the bands to lose the ability to transfer the shear
stress, leading to the shear instability of material. As also can be seen from Fig. 10, there are some stress
and strain concentration regions in the band because of the heterogeneity of plastic deformation, and they
are often the locations where further failure occurs, such as the formation of crack and growth of void
(Wright, 2002). Shear band must be given more attention for crystalline material under high-strain-rate
deformation.
5. Concluding remarks
The combined dislocation dynamics and FE simulation for the mechanical response of single-crystal copper
under diﬀerent loading rates are performed on the mesoscale.
Fig. 10. Distribution of Tresca stress in the crystal after yield under strain rate (a) 103 s1, (b) 104 s1, (c) 105 s1.
3686 Z.L. Liu et al. / International Journal of Solids and Structures 45 (2008) 3674–3687With the increasing of strain rate, the yield stress of single-crystal copper increases, and a critical strain rate
exists for each single-crystal copper block for given size and dislocation sources, which is determined by the
initial dislocation density, the average size of the dislocation mean free path, and the strength of the barriers of
dislocation. Below the critical strain rate, the yield stress is relatively insensitive to the strain rate, and above it,
the yield stress will increase rapidly with the increasing strain rate. It has a linear relationship with log _e. Under
high-strain-rate, the dislocation structure patterning changes from non-uniform to uniform and dislocations
are localized in one slip systems. Deformation bands are also observed in the simulations, and the band width
increases with the strain rate. Shear stress in the band is higher than that in the neighboring region, which may
induce the shear instability of crystalline materials. Some material points in the band will be the location where
further failures occur because of stress and strain concentration.
With the increasing strain rate, such as under shock loading, temperature in the material will arise consid-
erably, which will aﬀect the material properties and the dislocation mobility. On the other hand, the plastic
deformation mechanism may transform from slip to twinning, etc. These eﬀects will be taken into account
in future research.
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